Increased activities of peroxidase and indole 3-acetic acid (IAA) oxidase were detected on root surfaces of bean (Phawolus vulgaris) seedlings colonized with a soil saprophytic bacterium, Pseudomonas putida. IAA oxidase activity increased over 250-fold and peroxidase 8-fold. Enhancement was greater for 6-day-old than for 4-or 8-day-old inoculated plants No IAA oxidase or peroxidase activities were associated with the bacterial cells. Native polyacrylamide gel electrophoresis demonstrated that washes of P. putida-inoculated roots contained two zones of peroxidase activity. Only the more anodic bands were detected in washes from noninoculated roots. Ion exchange and molecular sizing gel chromatography of washes from P. putida-colonized roots separated two fractions of peroxidase activity. One fraction corresponded to the anodic bands detected in washes of P. putida inoculated and in noninoculated roots. A second fraction corresponded to the less anodic zone of peroxidase, which was characteristic of P. putida-inoculated plants. This peroxidase had a higher IAA oxidase to peroxidase ratio than the more anodic, common enzyme. The changes in root surface peroxidases caused by colonization by a saprophytic bacterium are discussed with reference to plant-pathogen interactions.
Pseudomonas putida, a soil saprophyte, has been called a beneficial organism because it can enhance plant yield and suppress certain root fungal pathogens (14, 24) . The aggressive colonization of root surfaces by P. putida may be involved in these beneficial phenomena as well as being an important survival strategy for the bacterium. As part of our study of factors that are important for aggressive colonization ofthe root surface, we investigated whether P. putida altered root properties. This possibility was suggested from the observation that peroxidases in root washes ofgreenhouse grown bean seedlings differed from peroxidases found in washes from sterile grown seedlings (1) .
Because the greenhouse plants were colonized by fluorescent pseudomonads, we initiated studies to determine whether P. putida colonization of roots altered root surface peroxidase activities. MATERIALS without an inoculum of Pseudomonas putida (3) . To obtain inoculum, P. putida isolate Corvallis, resistant to nalidixic acid and rifampicin, was cultured for 12 h in rich media (3) . Cells were centrifuged twice at I 0,000g for 10 min, washed with sterile distilled water, and resuspended in sterile 1 mM MgCl2. Bean seeds were inoculated with 106 cells at planting, while control seeds were treated with an equal volume of 1 mM MgCl2. Under the growth regime employed, the seedlings had just shed the cotyledon coat at d 6. Screening noninoculated seedlings for microbial colonization using published procedures (3) revealed bacterial contamination at less than 2%. P. putida-inoculated plants were colonized at levels of about 106 cells/g root.
Enzyme Analyses. Peroxidase activity on intact root surfaces was assayed as previously described (1) . Peroxidase activity in the rhizosphere was assayed by adding 25 ml of the reaction mixture (1) to the vermiculite from which the seedling had been removed. After 15 min incubation at 30°C, the vermiculite was removed by filtration. Absorbance of the reaction mixture was measured at 575 nm, relative to the absorbance of a reaction mixture incubated with sterile vermiculite alone.
Root washes and extracts were prepared from 4, 6, and 8 d plants according to methods previously published (1) and lyophylized to a powder for storage. Lyophylized samples were resuspended (1 mg/ml) in distilled water, and insoluble material was removed by centrifugation at 10,000g for 15 min. These crude preparations were assayed for peroxidase (1) and IAA oxidase activities (1) . Carbohydrate and protein content of each preparation was determined by the methods of Dubois et al. (7) and Lowry et al. (19) using glucose and BSA as the respective L.. standards. Cells of P. putida were assayed for production of peroxidase and IAA oxidase. Cells isolated from the root surface and from stock cultures were inoculated into rich medium (3) or rich medium to which root wash material (1 mg dry weight/ml culture) had been added and grown for 12 h. Cells were suspended in 50 mm potassium phosphate buffer (pH 7.0) and broken by treatment in a French pressure cell. The extract was centrifuged at 10,000g for 15 min to remove insoluble material. These sonicates, or viable cell suspensions (108 cells/ml reaction mixture), were examined for enzyme activities.
Polyacrylamide Gel Electrophoresis (PAGE) of Peroxidase and IAA Oxidase Activities. Low ionic-strength, discontinuous native polyacrylamide slab gels were used to distinguish different forms of peroxidase and IAA oxidase. The resolving gel, 10% total acrylamide concentration (2.1% bisacrylamide), was buffered to pH 8.8 and photopolymerized. Wells in a 3%, pH 8.8 stacking gel were loaded with 10,000 units ofperoxidase activity. The gels were run for approximately 5.0 h at a constant voltage of 150 V. Temperature was maintained at 10°C with a water heat exchanger. Peroxidase activity was detected by immersing the gel in 100 ml of reaction mixture containing chloronapthol and H202 (1) and the production of chromogen was observed. The location of IAA oxidase was determined by developing the gel according to procedures of Endo (8) .
SDS gel separations were performed using a 12.5% acrylamide (0.2% cross-linked) resolving gel buffered with 0.5 M tris-HCl at pH 9.5. A stacking gel of 3% acrylamide (0.2% cross-linked) was buffered by 0.1 M tris-HCl (pH 7.2). Each well contained 5 ,g of protein and the gel was developed using silver staining procedures. The gel was fixed in 20% trichloracetic acid in 50% methanol for 1 h and washed for 30 min in two changes of 10% ethanol and 5% acetic acid. Oxidation involved a 5 min treatment in 5 mM potassium chromate in 3 mM HNO3. After two 5-min rinses with distilled water, the gel was immersed in 15 mm silver nitrate for 20 min and rerinsed in water. The gel was developed stepwise: 2 min in 0.003% formaldehyde in 0.05 M Na2CO3, 0.006% formaldehyde in 0.1 M Na2CO3 and three treatments of 0.02% formaldehyde in 0.3 M Na2CO3. Development was stopped by immersion in 5% acetic acid.
Purification of Peroxidase. Purification of peroxidase was initiated by applying root wash material from P. putida-inoculated plants to a Sepharose 6B (Sigma Chemical Co.) column (45 x 2 cm). Fractions of 5.0 ml were eluted with distilled water and assayed for peroxidase, IAA oxidase, protein and carbohydrate. Fractions with peroxidase activity were pooled, dialyzed against 5 mm potassium acetate (pH 5.0), and applied to a CM-Sephadex (Sigma) column (20 x 3 cm) equilibrated with the same buffer.
Fractions (5.0 ml) were eluted with 5 mM potassium acetate (pH 5.0) followed by a gradient of buffer containing 0.0 M to 0.5 M KCI applied at a rate of 10 ml/h. Fractions containing peroxidase were dialyzed against 10 mM tris-acetate pH (8.5), and applied to DEAE Sephadex (Sigma) column (20 x 3 cm) equilibrated in the same buffer. Fractions (5.0 ml) were eluted with 10 mm trisacetate (pH 8.5) followed by a gradient of buffer containing 0.0 to 0.5 M NaCl applied at a rate of 10 ml/h. All fractions (5 ml) were collected and dialyzed extensively against distilled water prior to assay for peroxidase and IAA oxidase activities, protein, and carbohydrate. Neutral sugar composition of fractions with peroxidase activity was determined using methods described by Anderson (2) .
RESULTS
Variability of Peroxidase Activity with Seedling Age. Roots of intact seedlings from P. putida-inoculated and noninoculated beans developed intense deposits ofchromogen upon immersion in the chloronapthol-hydrogen peroxide reaction mixture. Maturation of the seedlings was accompanied by greater root weight and an increased production of soluble chromogen from the peroxidase reaction mixture. The formation of the soluble chromogen detected in these assays of intact roots suggested that peroxidase activity, expressed as units per gram root tissue, was maximum at 6.5 d. This peroxidase activity consistently was higher from P. putida-inoculated plants than from the control plants (Fig. 1) . Peroxidase detected in the vermiculite used as a growth medium increased with age of the seedling and again was greater for P. putida-inoculated than noninoculated plants. No (Fig. 2) . Three bands of peroxidase activity were resolved in this zone when the gel was loaded with a high number of units of peroxidase. No bands of activity were observed at less anodic positions or in material that traveled towards the cathode. Washes obtained separately from 50 sterile grown plants each displayed identical bands at location A. Extracts from sterile grown beans possessed the anodic bands at zone A and additional, less anodic bands.
The peroxidases in washes of roots inoculated with P. putida had a different banding pattern from that obtained with the sterile plants. Although bands were detected which comigrated with the bands observed from sterile grown plants in zone A, an additional activity zone was revealed at a less anodic position, zone B (Fig. 2) . This activity in zone B did not correlate with the bands observed in extracts from the sterile grown roots. Native PAGE of vermiculite washes displayed the same peroxidase bands as the root washes, with activity only in zone A for sterile roots and in zone A and B for P. putida-inoculated roots.
Upon staining the gels for IAA oxidase activity, color development was more intense with the bands in zone B than the faster moving bands in zone A. To probe the possibility that the activity in zone B was induced by IAA, sterile grown roots were treated, for 48 h, from d 4.5 to d 6.5, with 1 gM IAA. Washes of these sterile but IAA-treated roots displayed typical bands in zone A and additional bands which migrated to less anodic positions. These bands did not correspond to the activity detected in zone B from the washes of P. putida-inoculated roots. Purification of Peroxidases from Root Washes. The peroxidase and IAA oxidase activities in washes from P. putida-inoculated roots eluted in the void fractions of a Sepharose 6B column. Passage of the components in these void fractions through CMSephadex in 5 mM potassium acetate (pH 5.0) produced one peak of peroxidase activity in the nonadsorbed eluate and another peak which was eluted by low salt. The protein which eluted without adsorption to CM-Sephadex had a higher peroxidase to IAA oxidase ratio than the adsorbed fraction (Table II) .
The peroxidase-rich protein was adsorbed onto DEAE-Sephadex and was eluted by 0.15 to 0.20 M NaCl. These chromatographic procedures resulted in a 15-fold increase in specific activity compared to the crude root wash. SDS-PAGE of the purified fraction detected only two closely aligned bands, which corresponded to a mol wt of about 62.5 kD. Native PAGE demonstrated this peroxidase-rich fraction to comigrate with the fast moving anodic band of zone A.
The activity that was adsorbed onto CM-Sephadex was enriched for IAA oxidase-compared to peroxidase activity (Table  II) . Further chromatography on DEAE-Sephadex revealed that the majority of the activity eluted without adsorption to yield a preparation that was purified 55-fold from the crude root wash. SDS polyacrylamide gels of this purified fraction revealed only one zone of protein in which two bands were closely aligned and corresponded to a mol wt ofapproximately 71 kD. Native PAGE indicated peroxidase activity in a slow moving anodic band which corresponded to the activity in zone B in the crude root wash from the P. putida inoculated plants.
Both of the purified peroxidases were glycosylated, with arabinose and galactose as the major neutral sugars. Minor differences were that the IAA-oxidase form of peroxidase was richer in xylose and glucose and lower in mannose than the faster moving anodic peroxidase (Table III) . DISCUSSION Colonization of bean roots by P. putida was associated with the production of additional forms and greater levels of peroxidase on the root surface. The lack of detectable peroxidase activities in P. putida preparations suggests that the additional peroxidases are of plant origin. The stimulation of peroxidase activity by bacterial colonization was more apparent in washes of intact plants than in root extracts. Thus, it seems likely that the root epidermal cells are involved in the response. Indeed, previous studies have demonstrated that root epidermal and root hair cells possess potent peroxidase activity (1, 10, 21, 27, 30) .
Peroxidases catalyze events that are essential for normal plant cell development. Peroxidase cross-linking of tyrosine residues in the plant cell wall protein extensin is proposed to generate a firmer matrix material (6, 9) . Polymerization ofphenoxy radicals to produce lignin and suberin provides protective and strengthening coatings to the protein-polysaccharide wall matrix (26, 28). ( 13) . The two bean enzymes have slightly different molecular sizes on SDS polyacrylamide gels, although their glycosylation patterns are similar. Both surface enzymes demonstrate a galactosyl-and arabinosyl-rich composition which resembles that ofanother root surface protein, an agglutinin, which will precipitate cells of P. putida (2) . As well as a general role in cellular differentiation, peroxidases may play a specific role in defense mechanisms. In a resistant response, enhanced production of extensin (23, 25) , and lignin and suberin (12, 28) , may hinder plant cell wall degradation by microbial enzymes. The phenoxy radicals themselves (22) , as well as the activated oxygen species that are involved in peroxidase catalyzed reactions (1 1), have potent antimicrobial activity. Previously, defense roles have been suggested for the peroxidase changes that occur after plant tissue has been invaded by microbial pathogens (12, 28) . Our observations suggest that a saprophytic colonizer also triggers specific changes in plant peroxidases. The enhanced peroxidase activity in P. putida-colonized roots has potential to contribute to plant resistance. These plantrelated effects may possibly augment a direct ability of P. putida to suppress certain fungal pathogens. This ability has been correlated with the production by P. putida of efficient iron chelators, ,siderophores (14, 20, 24) . The siderophores are believed to suppress pathogen development by depriving the fungi of adequate iron nutrition (14, 20) . We are using mutants of P. putida to determine whether induction of enhanced peroxidase levels in bean roots also contribute to disease suppression.
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